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Abstract	
		 The	cell	cycle,	which	comprises	the	series	of	events	that	 lead	to	a	cell’s	division,	 is	regulated	 by	 a	 family	 of	 proteins	 called	 the	 Cyclins.	 These	 have	 fluctuating	 levels	 of	expression	across	different	stages	of	the	cell	cycle,	and	are	regulated	by	the	E2F	family	of	transcription	factors;	these	can	bind	to	a	specific	consensus	sequence	and	can	activate	and	repress	 gene	 expression.	 One	 of	 their	 targets	 is	 Cyclin	 A2	 (Ccna2/CCNA2),	 a	 cyclin	 that	plays	a	major	role	in	DNA	synthesis	and	entry	into	the	mitotic	or	meiotic	phase.	The	in	vivo	relevance	 of	 E2F	 regulation,	 particularly	 of	 specific	 targets	 like	 Ccna2	 is	 not	 yet	 fully	understood,	 and	 its	 study	 is	 important	 to	 understanding	 the	 conserved	 nature	 of	 the	protein	 throughout	 evolution.	 To	 evaluate	 the	 importance	 of	 E2F-mediated	 regulation	 of	
Ccna2	 in	 vivo,	 we	 generated	 a	mouse	 line	with	 a	 knock-in	mutation	 at	 the	 putative	 E2F	binding	 site	 of	 the	 Ccna2	 promoter.	 Although	 mice	 are	 viable	 and	 appear	 healthy,	 we	observed	 infertility	 and	 early	 testicular	 atrophy	 in	males	 homozygous	 for	 the	 promoter	mutation.	 Using	 histological	 analysis,	 real-time	 PCR	 (qPCR),	 and	 antibody-mediated	visualization	of	CCNA2	and	stem	cell	marker	localization	in	testes,	we	identified	a	defect	in	spermatogenesis	initiation	and	sustenance,	an	aberrant	Ccna2	expression	profile,	and	a	late	but	sustained	upregulation	of	stem	cell	activity	throughout	development.	Collectively,	these	data	 suggest	 that	 the	precise	E2F-mediated	 regulation	of	Ccna2	 transcription	 is	 required	for	 proper	 stem	 cell	 differentiation	 during	 spermatogenesis.	 The	 genomic	 acquisition	 of	E2F	binding	sites	 can,	 therefore,	be	 said	 to	 serve	as	an	evolutionary	mechanism	 that	 can	bestow	 conserved	proteins	novel	 functions	 in	different	 tissues.	 Further	 inquiry	 into	how	these	 transcription	 factors	 regulate	 their	 individual	 targets	 and	 how	 this	 regulation	 is	important	in	vivo	is	likely	to	continue	revealing	novel	functions	and	phenotypes,	increasing	our	understanding	of	the	cell	cycle	and	the	many	ways	it	is	and	could	be	involved	in	human	disease.		 	
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I.		Background		A.	The	Cell	Cycle	The	cell	cycle	comprises	the	series	of	events	that	 lead	to	a	cell’s	division.	In	the	G1	phase,	the	cell	prepares	for	DNA	synthesis	and	commits	to	cell	division.	During	the	S	and	G2	phases,	 the	 DNA	 is	 replicated	 and	 the	 cell	 continues	 to	 grow	 and	 prepare	 for	 division,	respectively	 (Rédei,	 2008).	 Finally,	 the	 cell	 divides	 at	 the	 M	 phase	 into	 two	 identical	daughter	cells	(mitosis)	or	into	four	haploid	germ	cells	(meiosis).	This	 process	 is	 regulated	 by	 a	 family	 of	 proteins	 called	 the	 Cyclins,	 which	 have	fluctuating	levels	of	expression	across	different	stages	of	the	cell	cycle	(Figure	1A)	(Morgan,	2007).	These	bind	 to	and	activate	Cyclin-dependent	kinases	 (Cdks),	which	 in	 turn	 transfer	phosphate	 groups	 to	 their	 targets	 and	 drive	 the	 cell	 cycle	 (Figure	 1B)	 (Satyanarayana	&	Kaldis,	2009).	Cyclins,	like	many	other	cell	cycle	proteins,	are	regulated	by	the	E2F	family	of	transcription	factors.	E2Fs	bind	to	a	specific	consensus	sequence	and	either	activate	(E2F1-E2F3)	 or	 repress	 (E2F4-E2F8)	 gene	 expression	 (Thurlings	 &	 Bruin,	 2016).	 One	 of	 their	targets	is	Cyclin	A2	(Ccna2/CCNA2),	a	cyclin	that	plays	a	major	role	in	DNA	synthesis	and	entry	into	the	M	phase.	CCNA2	 is	 necessary	 for	 life;	Ccna2-/-	mice	 are	 nonviable	 and	 die	 shortly	 after	 the	implantation	stage,	when	maternal	Ccna2	transcripts	are	depleted	and	the	zygote	is	unable	to	 induce	 cell	 proliferation	 (Wolgemuth	 et	 al.,	 2008).	 It	 has	 also	 been	 shown	 to	 be	upregulated	 in	 multiple	 cancers	 (Gao	 et	 al.,	 2014)	 and	 has	 been	 suggested	 to	 promote	tumorigenesis	when	 overexpressed	 due	 to	 its	 potent	 induction	 of	 chromosomal	 Double-Strand	Breaks	(DSBs)	(Shoji	&	Taku,	2009).	During	the	cell	cycle,	 it	 forms	two	complexes	with	 Cdks.	 The	 CCNA2/CDK2	 complex	 phosphorylates	 targets	 in	 the	 S-phase	 and	 drives	processes	 involved	in	DSB	induction	and	repair	 for	meiotic	recombination,	Synaptonemal	Complex	 formation	 (Ortega	 et	 al.,	 2003),	 and	 telomere	 tethering	 (Viera	 et	 al.,	 2014).	CCNA2/CDK1	 on	 the	 other	 hand	 functions	 at	 the	 G2/M	 transition	 by	 phosphorylating	proteins	that	prevent	DNA	re-replication,	DNA	segregation,	as	well	as	cell	morphogenesis	during	meiosis	(Enserink,	&	Kolodner,	2010).			
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B.	Meiosis:	Spermatogenesis			 Spermatogenesis	 is	 the	 process	 through	 which	 gametes	 are	 produced	 from	pluripotent	 cells	 called	 spermatogonial	 stem	 cells	 (SCCs,	 PLZF-positive)	 that	 divide	 into	differentiating	 spermatogonia	 (diff-SSC),	 which	 in	 turn	 differentiate	 into	 subsequent	progenitor	cells	 (spermatocytes)	until	haploid	cells	 (spermatozoa)	are	produced	(Hermo,	2014)	(Figure	2A).	This	pool	of	SCCs	is	mainly	located	around	the	base	of	the	seminiferous	tubules	in	the	testis	and	is	maintained	by	a	set	of	sustentacular	cells	called	Sertoli	cells	and	Leydig	cells,	which	secrete	hormones	that	drive	spermatogenesis	(Rebourcet	et	al.,	2014).	The	 differentiating	 progenitor	 cells	 migrate	 towards	 the	 center	 of	 the	 tubule	 (lumen)	where	 they	 accumulate	 as	 spermatogenesis	 progresses;	 this	 process	 is	 induced	intermittently	in	different	parts	of	the	adult	testis.			 Due	 to	 their	 distinct	 expression	 profiles	 throughout	 the	mitotic	 cell	 cycle,	 Cyclins	also	have	a	characteristic	niche	of	expression	across	spermatogenic	populations.	In	the	case	of	Ccna2	expression,	 it	 is	expressed	 in	mitotic	stem	cells	(SSCs	and	diff-SSC)	as	well	as	 in	early	 meiotic	 preleptotene	 spermatocytes	 (Figure	 2B)	 (Wolgemuth	 et	 al.,	 2013).	 It’s	homologue,	Cyclin	A1	(Ccna1)	has	a	specialized	role	 in	meiosis	and	 is	expressed	 from	the	mid-pachytene	 stage	 to	 the	 metaphase	 of	 the	 1st	 meiotic	 division.	 Ccna1-/-,	 along	 with				
Cdk2-/-	male	 mice	 arrest	 at	 the	 pachytene	 stage	 due	 to	 the	 spermatocytes’	 inability	 to	resolve	the	DSBs	induced	as	part	of	meiotic	recombination	(Szostak	et	al.,	1983;	Ortega	et	
al.,	 2003);	 these	 DSBs	 are	 marked	 by	 the	 histone	 variant	 phospho-yH2AX	 (p-yH2AX)	(Mahadevaiah	et	al.,	 2001).	On	 the	other	hand,	Cdk1-/-	 embryos,	 like	 those	 lacking	Ccna2,	are	not	viable	(Diril	et	al.,	2012).	Therefore	Ccna2	and	Cdk1	appear	to	hold	the	conserved	roles	in	the	cell	cycle	while	Ccna1	and	Cdk2	have	specialized,	non-redundant	functions. The	 expansion	 of	 SSCs	 after	 gonocyte	 differentiation	 during	 the	 1st	 wave	 of	spermatogenesis	is	crucial	for	fertility	(Figure	3)	(Lipshultz	et	al.,	2009).	At	postnatal	day	3,	the	 gonocyte	 population	 (SSC	 precursors)	 differentiates	 completely	 into	 two	Spermatogonial	populations:	SSCs	and	diff-SSCs	(Manku	&	Culty,	2015).	This	differentiating	subpopulation	 is	 responsible	 for	 the	 1st	wave	 of	 sperm	 production	 (Figure	 4),	while	 the	latter	 supplies	 the	 subsequent	waves	 (Yoshida	 et	al,	 2004).	 During	 the	 following	weeks,	seminiferous	 tubules	 continue	progressing	 through	 spermatogenesis	 synchronously	until	the	1st	wave	culminates	around	the	6th	week	of	age.	
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			C.	Cyclin	A2	Promoter	Mutants			 To	 evaluate	 the	 importance	 of	 E2F-mediated	 regulation	 of	 Ccna2	 in	 vivo,	 we	generated	a	mouse	 line	with	a	knock-in	mutation	at	 the	E2F	binding	site	 in	 its	promoter	along	with	another	mouse	line	as	a	control	(Figure	5).	Although	mice	are	viable	and	appear	healthy,	we	observed	infertility	and	early	testicular	atrophy	in	males	homozygous	for	the	promoter	mutation.	
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II.	Hypothesis			 The	promoter	mutation’s	 isolated	effect	on	meiosis	and	CDK2’s	 specialized	role	 in	this	 process	 suggests	 that	misregulation	 of	Ccna2	 expression	 due	 to	 loss	 of	 E2F	 binding	interrupts	proper	CDK2	activity	 in	meiosis.	 This	hinders	production	of	 viable	 sperm	and	confers	infertility	in	males	homozygous	for	the	promoter	mutation.		III.	Aims		
Aim	1:	Characterize	the	early	testicular	atrophy	observed	in	Ccna2myc-/myc-	males.	
1A.	Establish	at	what	point	in	development	the	testes	begin	to	atrophy.	
1B.	Diagnose	the	subcellular	population(s)	that	are	affected	by	the	mutation.		
Aim	2:	Evaluate	the	changes	in	Ccna2	expression	and	localization	throughout	development	caused	by	the	promoter	mutation.	
2A.	Measure	relative	Ccna2	expression	levels	throughout	development.	
2B.	Quantify	the	CCNA2-positive	cell	populations	and	analyze	potential	fluctuations	in	their	numbers.		
Aim	3:	Establish	the	source	of	the	phenotype	and	what	role	of	CCNA2	is	being	impaired	
3A.			Verify	the	mitotic	activity	of	the	stem	cell	population		
3B.	Assess	one	of	 the	known	roles	of	CCNA2/CDK2	 like	DNA	Double	Strand	Break	induction	and	how	it	is	affected	by	the	promoter	mutation.		IV.	Methods	
	Tissue	Collection:	Male	mice	were	 harvested	 at	 1,	 2,	 3,	 4,	 6	 and	12	weeks	 of	 age.	 Testes	were	weighed	and	either	frozen	in	liquid	Nitrogen	for	RNA	extraction,	fixed	in	bouin’s	for	histological	 analysis	 (24	 hours)	 or	 in	 formalin	 (48	 hours)	 for	 immunohistochemical/	immunofluorescence	assays	(IHC/IFC).		
E2F	Regulation	of	Ccna2	in	Spermatogenesis		
	 11	
	cDNA	 preparation:	 Whole	 testes	 were	 homogenized	 and	 RNA	 was	 isolated	 with	 TriZol.	Nucleic	 acid	 concentration	 was	 quantified	 with	 the	 Nanodrop	 spectrophotometer	 and	cDNA	was	prepared	using	reverse	transcriptase.		Real-time	 PCR	 (qPCR):	 RNA	 was	 extracted	 from	 mice	 heterozygous	 for	 each	 generated	allele	(Ccna2+/myc+,	Ccna2+/myc-)	and	MYC-specific	primers	were	designed	to	amplify	only	the	myc-tagged	Ccna2	alleles	(Ccna2myc+,	Ccna2myc-).		Slide	Preparation:	Dissected	tissues	were	fixed	in	10%	neutral-buffered	formalin	solution	for	 48	 hours	 and	 transferred	 to	 70%	 ethanol.	 Tissues	 were	 processed,	 embedded	 in	paraffin,	cut	in	5μm	sections	on	positively	charged	slides,	de-paraffinized,	rehydrated,	and	stained	with	H&E.		For	IHC/IF	experiments	and	quantifications,	three	biological	replicates	(n=3)	were	included	per	stained	slide.		Immunohistochemistry	(IHC):	Formalin-fixed	testes	sections	were	stained	using	a	Bond	Rx	autostainer	(Leica).		Briefly,	slides	were	baked	at	65oC	for	15min	and	the	automated	system	performed	dewaxing,	rehydration,	antigen	retrieval,	blocking,	primary	antibody	incubation,	post	 primary	 antibody	 incubation,	 detection	 (DAB),	 and	 counterstaining	 using	 Bond	reagents	 (Leica).	 	 Samples	 were	 then	 removed	 from	 the	 machine,	 dehydrated	 through	ethanol	and	xylenes,	mounted	and	coverslipped.	These	were	stained	for	phosho-yH2AX	(p-yH2AX)	 to	 assess	 levels	 of	 DSB	 induction	 and	 repair.	 Antigen	 retrieval	 and	 antibody	concentration	can	be	found	in	Supplemental	Table	1.			Immunofluorescence	 (IF):	 Formalin-fixed	 testes	 sections	 were	 stained	 with	 anti-MYC	(CCNA2)	and	anti-PLZF	(SSC	marker);	nuclei	were	visualized	by	staining	with	DAPI.	Thesee	were	then	mounted	with	aqueous	mounting	media.	Antibody	concentrations	can	be	found	in	Supplemental	Table	1.		 	
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Quantification	of	IHC/IF	stains:	The	Vectra	Analysis	System	was	used	to	image	and	take	40x	pictures	of	the	three	testicular	sections	of	biological	replicates	in	the	IHC/IF	stained	testes	sections.	 All	 of	 the	 pictures	 from	 biological	 replicates	were	 combined,	 and	 those	 images	that	had	fixing,	staining	or	mounting	artifacts	or	contained	portions	of	the	epididymis	were	excluded	 from	 further	 analyses.	 The	 inForm	 Image	 Analysis	 software	 was	 then	 used	 to	analyze	the	captured	images	by	generating	algorithms	trained	to	quantify	and	analyze	the	intensity	and	 localization	of	 the	p-yH2AX,	MYC	and	PLZF	markers.	A	description	of	 these	algorithms	can	be	found	in	Supplemental	Table	2.	The	analyzed	images	were	reviewed	to	ensure	 that	 the	 trained	 algorithms	performed	proper	 nuclear	 segmentation	 and	marker-positivity	detection.	Data	from	the	images	of	biological	replicates	were	then	combined	and	were	subjected	to	rank	order	analysis	using	a	non-parametric	model	of	quartile	analysis.	
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V.	Results		
Testicular	atrophy	begins	around	the	3nd	week	of	age	and	progresses	throughout	
adulthood.		Measured	 testicular	 weights	 begin	 showing	 a	 significant	 deviation	 of	 testicular	 mass	between	the	control	 lines	(Ccna2+/+/Ccna2myc+/myc+)	and	the	promoter	mutant	line	starting	at	the	3	w/o	time	point;	this	difference	persists	throughout	the	rest	of	the	measured	time	points	and	represents	a	3-fold	decrease	in	testicular	mass	in	Ccna2myc-/myc-	(Figure	6).	The	
Ccna2+/+	and	Ccna2myc+/myc+	 lines	 also	 have	 a	 subtle	 difference	 in	weights,	with	 a	 1.2-fold	decrease	of	testicular	mass	in	the	Ccna2myc+/myc+	adults.	This	data	reveals	a	spermatogenic	defect	 that	 begins	 during	 the	 1st	 wave	 of	 spermatogenesis	 and	 persists	 in	 subsequent	waves,	causing	Ccna2myc-/myc-	testes	to	atrophy	early	in	development.		
Promoter	mutants	are	unable	to	complete	the	1st	wave	of	spermatogenesis	and	
undergo	severe	loss	of	spermatogenic	populations.		Histological	analysis	of	Ccna2myc/myc-	tubules	(Figure	7)	showed	a	delay	in	spermatogenesis	at	 2	 w/o,	 when	 developing	 spermatocytes	 only	 reach	 the	 preleptotene	 stage	 while	 the	control	 lines	are	at	 the	 zygotene	 stage	of	 spermatid	differentiation.	This	 is	 followed	by	a	progressive	degeneration	of	the	differentiating	cell	populations	in	the	seminiferous	tubules	from	3	 to	4	w/o.	At	 3	weeks,	 the	 seminiferous	 tubules	 of	 control	 lines	have	 reached	 the	Diplotene	 stage,	 while	 a	 few	 of	 those	 from	 Ccna2myc-/myc-	 mice	 have	 pachytene	spermatocytes;	the	others	are	completely	depleted	of	these.	At	4	weeks,	promoter	mutant	tubules	have	almost	completely	lost	all	of	the	spermatogenic	populations	except	for	Sertoli	Cells	and	SSCs.	Surprisingly,	Ccna2myc-/myc-	seminiferous	tubules	begin	to	recover	at	6	w/o	and	reach	the	pachytene	stage.	This	repopulation	coincides	with	the	end	of	the	1st	wave	of	spermatogenesis	and	the	beginning	of	the	adult	program.	12	w/o	Ccna2myc-/myc-	males	have	multiple	Sertoli	cell-only	tubules,	as	well	as	tubules	with	developing	spermatids	(surviving	tubules).	 These	 remaining	 cell	 populations,	 however,	 do	 not	 rescue	 fertility	 nor	 do	 they	
E2F	Regulation	of	Ccna2	in	Spermatogenesis		
	 14	
compensate	 for	 the	 lost	 testicular	weight	 that	 occurs	 in	 the	 promoter	mutants,	meaning	that	spermatogenesis	is	still	compromised.	These	data	suggests	that	the	promoter	mutation	is	affecting	the	1st	wave	of	spermatogenesis	and	the	subsequent	ones	differently,	as	seen	in	the	surviving	tubules	that	reach	later	stages	of	meiosis	compared	to	those	in	the	1st	wave.		
Promoter	mutants	display	an	aberrant	Ccna2	expression	profile			Real-time	PCR	(qPCR)	was	performed	on	extracted	RNA	from	males	heterozygous	for	each	myc-tagged	 allele	 (Ccna2+/myc+,	 Ccna2+/myc-)	 to	 assess	 the	 changes	 in	 Ccna2	 expression	caused	by	the	promoter	mutation	and	not	by	the	severe	loss	of	spermatogenic	populations	(Figure	8).	This	analysis	revealed	an	inverted	profile	of	Ccna2	expression	throughout	the	1st	wave	of	spermatogenesis	and	after,	a	steady	overexpression	of	transcription	relative	to	the	control	 groups.	 During	 the	 1st	 week,	 Ccna2myc-	 expression	 is	 almost	 a	 two-fold	 lower	compared	to	the	Ccna2myc+	allele,	and	both	groups	follow	the	same	downregulatory	trend	into	the	2nd	week.	However,	transcription	of	the	Ccna2myc-	allele	suddenly	increases	during	the	 3rd	 and	 4th	week,	 and	 is	 followed	 by	 a	 baseline	 level	 of	 overexpression	 that	 persists	through	 adulthood	 and	 that	 is	 still	 higher	 than	 Ccna2myc+	 levels	 of	 expression.	 The	expression	of	Ccna1	was	also	measured	(Supplemental	Fig.	1)	in	order	confirm	that	it	was	not	being	upregulated	to	compensate	for	Ccna2’s	 lack	of	expression,	since	they	have	both	been	shown	to	share	targets	when	bound	to	their	corresponding	catalytic	cdks	(Yang	et	al.,	1999).	 	Ccna1	expression	was	seen	in	4	w/o	Ccna2+/+	mice,	but	not	in	4	w/o	Ccna2myc-/myc-,	suggesting	 that	 the	 stage	 of	 its	 expression	 had	 not	 been	 reached	 yet	 in	 the	 promoter	mutants	 and	 no	 upregulation	 was	 occurring	 to	 compensate	 for	 the	 lack	 of	 Ccna2	expression.		
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CCNA2	 is	 found	 up	 to	 pachytene	 spermatocytes	 in	 the	 Ccna2myc-/myc-	 and	
Ccna2myc+/myc+	 mouse	 lines,	 an	 unforeseen	 localization	 of	 the	 protein	 in	
spermatogenesis	
	Immunofluorescent	co-stains	specific	for	the	MYC-tag	and	PLZF	(SSC	marker)	were	used	to	study	the	mutation’s	effect	on	the	stem	cell	populations	and	CCNA2’s	specific	localization	in	spermatogenesis;	 since	 the	 wild-type	 Ccna2	 locus	 does	 not	 have	 a	 MYC-tag	 coding	sequence,	 the	corresponding	mouse	 line	was	not	used	 for	 this	experiment.	The	 literature	has	 reported	 preleptotene	 spermatocytes	 as	 the	 last	 stage	 in	 spermatogenesis	 that	 sees	CCNA2	expression	(Wolgemuth,	2011),	but	these	IF	stains	show	CCNA2	expression	in	both	zygotene	and	pachytene	spermatocytes	in	both	myc-tagged	lines	(Figure	9).		
Promoter	mutants	have	an	increased	number	of	cells	with	high	CCNA2	levels		To	 see	 if	 the	 abnormal	 expression	 profile	 described	 by	 the	 qPCR	 experiment	 was	reproducible	 at	 the	 cell	 population	 level,	 cells	 with	 high	 CCNA2	 signal	were	 quantified	using	 the	 InForm	 Algorithm	 #1	 (Table	 2).	 The	 total	 number	 of	 cells	 per	 image	 was	quantified	for	each	genotype	and	time	point	(Figure	10).	According	to	the	data,	there	are	no	significant	differences	across	the	time	points	of	the	1st	wave	of	spermatogenesis,	but	those	corresponding	to	subsequent	waves	(6	and	12	w/o)	show	that	Ccna2myc-/myc-	tubules	have	fewer	cells	relative	to	the	Ccna2myc+/myc+	control.		To	calculate	the	total	number	of	cells	with	high	CCNA2	signal	(MYC++)	per	image,	the	fraction	of	MYC++	cells	calculated	with	Algorithm	#1	 was	 multiplied	 by	 the	 total	 number	 of	 cells	 (Figure	 11).	 Interestingly,	 the	 data	corresponding	 to	 the	Ccna2myc-/myc-	mice	appears	 to	 recapitulate	 the	expression	profile	of	the	Ccna2myc-	 allele	 throughout	 the	 1st	wave	 of	 spermatogenesis,	with	 significantly	 lower	levels	of	MYC++	cells	at	2	w/o	followed	by	a	sudden	increase	in	their	numbers	at	3	w/o	and	persistent	 higher	 levels	 of	 these	 relative	 to	 the	 control	 throughout	 the	 rest	 of	 the	 time	points.		
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Ccna2myc-/myc-	 SSC	expansion	 is	delayed	during	 the	1st	wave	of	 spermatogenesis	
but	is	then	upregulated	in	subsequent	waves.		Immunofluorescent	PLZF	and	MYC	co-stains	were	analyzed	with	Algorithm	#2	(Table	2)	to	study	the	SSC	population	and	its	proliferative	activity.	The	total	number	of	PLZF+	cells	per	image	was	quantified	 for	each	genotype	and	 time	point	 (Figure	12).	Then,	 the	 fraction	of	PLZF+/MYC++	 cells	 calculated	 with	 Algorithm	 #2	 was	 multiplied	 by	 the	 total	 number	 of	PLZF+	cells	per	 image	(Figure	13).	According	to	this	analysis,	 there	appears	to	be	a	slight	increase	 in	PLZF+	 cells	 in	 adult	Ccna2myc-/myc-	males.	However,	 an	 even	more	pronounced	increase	 is	observed	 in	 the	number	of	PLZF+/CCNA2++	cells	after	 the	2	w/o	time	point	 in	
Ccna2myc-/myc-	 tubules	 compared	 to	 those	 from	 the	 control	 line,	 suggesting	 an	 increased	fraction	of	SSCs	that	are	cycling	in	promoter	mutant	tubules.	As	a	whole,	this	data	suggests	an	upregulation	of	stem	cell	presence	and	activity	in	Ccna2myc-/myc-	tubules	after	the	2	w/o	delay	occurs,	especially	compared	 to	 the	quiescent	state	of	SSCs	 in	12	w/o	Ccna2myc+/myc+	testes.		
Surviving	 seminiferous	 tubules	 of	 promoter	 mutants	 show	 a	 delay	 in	 DSB	
induction	during	the	1st	wave	of	spermatogenesis.		p-yH2AX	 stains	 for	DNA	damage	 assessment	 confirmed	 that	Ccna2myc-/myc-	male	mice	 are	able	to	induce	DSBs	for	recombination	during	the	1st	wave	of	spermatogenesis,	but	tubules	are	 either	 delayed	 in	 doing	 so	 or	 are	 negative	 for	 DNA	 damage,	 indicating	 a	 complete	vacancy	 of	 differentiating	 spermatocytes	 and	 the	 stem	 cell	 population	 (sertoli-cell	 only)	(Figures	14	and	15).	During	the	2	w/o	time	point,	a	small	fraction	of	Ccna2myc-/myc-	tubules	begin	 to	 induce	 DSBs,	 but	 are	 nowhere	 close	 to	 the	 level	 of	 DSB	 induction	 seen	 in	 the	control	lines.		Then,	the	non-sertoli	cell-only	tubules	(surviving	tubules)	achieve	high	levels	of	DSBs	during	3	w/o.	Controls	on	the	other	hand	already	have	pachytene	spermatocytes,	which	have	resolved	all	DSBs	and	are	positive	for	p-yH2AX	staining	in	the	nuclear	region	of	the	sex	body	(Blanco,	2009).	The	p-yH2AX	stain	at	the	peak	of	degeneration	is	met	with	a	
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partial	loss	of	the	cells	positive	for	high	levels	of	unresolved	DSBs,	which	then	return	at	the	6	w/o	time	point	and	appear	to	be	present	in	almost	all	surviving	tubules.		
Surviving	tubules	of	adult	promoter	mutants	appear	to	have	a	strong	presence	
of	cells	with	high	levels	of	unresolved	DSBs		Qualitative	 observation	 of	 12	w/o	Ccna2myc-/myc-	testes	 stained	with	 p-yH2AX	 (Figure	 16)	shows	a	subtle	preference	for	dark-staining	spermatocytes	in	the	basal	side	of	the	tubules.	Although	the	control	lines	also	have	these	dark-staining	cells,	the	frequency	of	occurrence	across	all	of	the	tubules	of	the	testis	is	less	relative	to	the	Ccna2myc-/myc-	males,	as	seen	in	the	4x	and	40x	images	of	p-yH2AX	stains	of	12	w/o	testes.	Algorithm	#3	(Supplemental	Table	2)	was	used	to	quantify	the	total	amount	of	these	high	p-yH2AX-positive	cells	(p-yH2AX++)	per	image.	However,	the	dark-staining	elongating	spermatocytes	found	in	the	control	lines	interfered	with	 the	exclusive	quantification	of	 cells	 that	 are	 shared	between	 the	 controls	and	 the	promoter	mutants,	making	 the	algorithm	overestimate	 the	number	of	p-yH2AX++	cells	for	Ccna2+/+/Ccna2myc+/myc+	lines	at	the	4,	6	and	12	w/o	time	points	(Figure	17).		This	tendency	will	 require	 further	 analysis	 and	 its	 quantification	 optimized	 for	 confirmation.	
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VI.	Discussion	The	 knock-in	mutation	 in	 the	 E2F	 binding	 site	 of	 Ccna2’s	 promoter	 has	 caused	 a	profound	degeneration	of	spermatogenic	populations,	severely	compromising	the	fertility	of	 male	 Ccna2myc-/myc-	 mice	 and	 causing	 a	 three-fold	 decrease	 in	 testicular	 weight.	 The	generated	 control	 line,	 Ccna2myc+/myc+,	 also	 displays	 some	 subtle	 phenotypes	 that,	 even	though	are	not	anywhere	close	to	those	observed	in	the	promoter	mutant	 line,	are	worth	discussing.	 The	 unexpected	 localization	 of	 CCNA2	 protein	 in	 spermatocytes	 beyond	 the	preleptotene	 stage	 in	 both	 myc-tagged	 lines	 could	 either	 represent	 a	 previously	undescribed	 localization	 of	 the	 protein,	 or	 an	 interruption	 of	 Ccna2	 protein	 regulation	caused	by	the	myc-tag.	The	sensitivity	of	the	MYC	antibody	could	have	allowed	for	a	more	precise	detection	of	 the	protein,	revealing	this	subtle	presence	of	CCNA2	in	zygotene	and	pachytene	 spermatocytes.	 However,	 the	 myc-tag	 could	 also	 be	 interfering	 with	 proper	CCNA2	degradation,	causing	a	small	amount	of	the	protein	to	be	carried	over	later	stages	of	spermatid	differentiation.	While	 the	 slight	decrease	 in	 testes:body	weight	 ratios	 and	 this	novel	 localization	of	CCNA2	in	spermatogenesis	seen	in	Ccna2myc+/myc+	mice	might	suggest	that	 the	 myc-tag	 is	 interfering	 with	 CCNA2	 protein	 folding/function	 and	 contributing	slightly	 to	 the	 testicular	 atrophy	 phenotype,	 Ccna2myc+/myc+	 males	 are	 still	 fertile	 and	progress	 through	 the	 1st	 wave	 of	 spermatogenesis	 at	 the	 same	 pace	 as	wild-type	males.	Therefore,	they	can	be	deemed	a	good	control	to	study	the	consequences	of	the	promoter	mutation	 in	 Ccna2	 during	 sperm	 development.	 This	 slight	 decrease	 in	 Ccna2myc+/myc+	testicular	weights	also	highlights	the	important	role	CCNA2	plays	in	spermatogenesis,	since	a	 subtle	 alteration	 to	 the	 protein	 structure	 (and	 folding,	 potentially)	 causes	 a	 slight	 but	significant	reduction	in	testicular	mass.		The	complexity	of	 the	phenotype	and	 the	variable	 rate	of	degeneration	across	 the	seminiferous	 tubules	 of	 mutant	 testes	 demanded	 careful,	 objective	 and	 standardized	methods	to	analyze	both	Ccna2myc-	allelic	expression	and	the	performed	IHC/IF	stains.	The	qPCR	 experiment	 was	 designed	 to	 amplify	 the	 myc-tagged	 allele	 from	 RNA	 of	 mice	heterozygous	 for	 Ccna2myc+	 or	 Ccna2myc-	 alleles.	 Since	 these	 heterozygous	 mice	 do	 not	undergo	 testicular	 atrophy,	 the	 experiment	 allowed	 for	 the	 assessment	 of	 the	mutation-
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specific	changes	in	transcription	instead	of	the	relative	changes	in	Ccna2	 transcript	 levels	caused	by	loss	or	absence	of	spermatogenic	populations,.	In	the	case	of	IHC/IF	analyses,	the	Vectra	 imaging	 microscope	 and	 the	 inForm	 image	 analysis	 software	 offered	 a	 great	platform	to	standardize	the	stain	quantifications,	and	proved	to	be	successful	in	generating	results	that	were	more	reproducible	compared	to	the	typical	visual	appraisal	methods	not	conducted	 through	 an	 instrument	 or	 algorithm;	 however,	 the	 platform	 isn’t	 perfect	 and	required	arduous	optimization.	Due	 to	 the	degenerative	effect	of	 the	promoter	mutation,	cell	population-analyzing	algorithms	had	to	be	tailored	so	as	to	exclude	those	populations	that	are	not	shared	between	the	experimental	lines.	Including	these	unshared	populations	in	 the	 analysis	 would	 underestimate	 the	 fraction	 of	 cells	 positive	 for	 the	 established	thresholds,	 since	 control	 tubules	 have	 extremely	 high	 numbers	 of	 cells	 compared	 to	 the	promoter	mutants.			 Proper	normalization	was	achieved	with	the	algorithms	for	the	PLZF/CCNA2	stains,	which	 were	 designed	 to	 compare	 shared	 spermatogenic	 populations	 and	 adjust	 the	threshold	for	marker	positivity	according	to	the	variations	in	staining	intensity	caused	by	exposure	artifacts.	Even	though	these	algorithms	did	not	account	for	the	number	of	tubules	or	 the	 amount	 of	 space	 corresponding	 to	 the	 lumen	 or	 the	 background	 of	 each	 image,	reproducible	 data	 was	 generated	 and	 significant	 trends	 have	 been	 identified.	Unfortunately,	 the	 p-yH2AX	 stain	 quantification	 saw	 interference	 from	 the	 elongating	spermatid	population,	which	displays	intense	p-yH2AX	staining	in	the	control	groups	but	is	barely	 present,	 if	 at	 all,	 in	 the	 Ccna2myc-/myc-	 tubules.	 For	 this	 reason,	 the	 qualitative	observations	from	the	p-yH2AX	stain	were	not	completely	recapitulated	with	Algorithm	#3,	which	will	require	further	optimization	if	the	stain	is	to	be	analyzed	quantitatively.		 The	 early	 testicular	 atrophy	 observed	 in	 Ccna2myc-/myc-	 testicular	 weights	 and	 the	quick	degeneration	of	 their	 tubules	during	 the	 first	postnatal	weeks	 indicates	a	defect	 in	the	1st	wave	of	spermatogenesis	that	persists	throughout	adulthood.	Although	the	precise	developmental	 time	point	at	which	Ccna2	misregulation	begins	 to	affect	proper	cell	 cycle	progression	is	yet	unknown,	the	p-yH2AX	stain	suggests	that	it	corresponds	to	a	time	point	earlier	 than	 2	 w/o,	 regardless	 of	 this	 being	 the	 stage	 at	 which	 the	 first	 histological	
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difference	 across	 genotypes	 is	 observed.	 The	presence	 of	 sertoli	 cell-only	 tubules	 during	the	1st	wave	of	 spermatogenesis	 suggests	 a	defect	 in	 the	progenitor	 stem	cell	population	(gonocytes),	potentially	in	its	replication	capacity	or	migration	efficiency	across	the	gonads.	The	 loss	 of	 stemness,	 however,	 is	 an	 unlikely	 explanation	 for	 this	 sertoli-cell	 only	observation	 since	 Ccna2myc-/myc-	 testes	 are	 only	 delayed	 compared	 to	 the	 control	 groups	during	the	1st	wave	and	there	is	still	clear	expression	of	the	PLZF	marker,	which	is	involved	in	maintaining	stem-like	properties	in	cells	(Costoya	et	al,	2004).			 From	a	general	point	of	view,	 the	Ccna2myc-	allele	expression	profile	appears	 to	be	inverted	when	compared	to	 the	controls.	Expression	appears	 to	be	 lower	during	 the	 first	two	 postnatal	 weeks,	 which	 are	 known	 to	 be	 highly	 proliferative	 instances	 for	 the	 SSC	population.	On	the	other	hand,	there	appears	to	be	an	excessive	expression	of	Ccna2myc-	half	way	 through	 the	 1st	 wave	 of	 spermatogenesis,	 where	 the	 second	 wave	 begins	 and	degeneration	is	observed,	and	in	developed	tissue,	where	stem	cells	should	be	be	relatively	quiescent.	 This	 type	 of	 transcriptional	 activity,	 upregulation	 in	 proliferative	 tissue	 and	downregulation	 in	quiescent,	 is	a	characteristic	 regulatory	program	for	 the	E2F	 family	of	transcription	factors,	and	its	inversion	in	the	mutants	could	be	explained	by	the	promoter	mutation.		 The	 high	 levels	 of	 expression	 of	 the	 Ccna2myc+	 allele	 at	 the	 1	 w/o	 time	 point	temporally	 corresponds	with	 the	mitotic	 expansion	 of	 the	 spermatogonial	 population	 in	wild-type	 mice	 (Kluin	 &	 Rooij,	 1981),	 so	 the	 two-fold	 decrease	 in	 expression	 of	 the	
Ccna2myc-	allele	could	cause	a	reduction	in	the	number	of	total	SSCs,	the	number	of	cycling	SSCs,	or	both,	 in	 the	promoter	mutants.	 	Although	no	 IHC/IF	 stains	were	done	on	1	w/o	tissue	 due	 to	 the	 lack	 of	 sufficient	 biological	 samples	 across	 genotypes	 for	 statistical	analysis	at	this	time	point,	inferences	can	be	extrapolated	from	the	analyses	done	on	the	2	w/o	 time	 point.	 The	 data	 generated	 with	 algorithm	 2	 (Mitotic	 activity	 analysis	 of	 SSCs)	shows	a	decrease	in	total	and	cycling	PLZF+	cells	at	2	w/o;	due	to	the	delayed	nature	of	the	1st	wave	of	spermatogenesis	in	the	promoter	mutants,	it	is	very	likely	that	the	tubules	have	a	 similar	 delayed	 trend	 between	 genotypes	 at	 1	 w/o.	 Further	 quantitative	 studies	 of	
E2F	Regulation	of	Ccna2	in	Spermatogenesis		
	 33	
specific	stem	cell	populations	must	be	performed	via	marker	analysis	if	the	consequences	of	low	levels	of	Ccna2myc-	expression	relative	to	the	control	at	1	w/o	are	to	be	elucidated.			Ccna2	expression	 follows	a	down-regulatory	trend	 in	both	groups	at	2	w/o,	when	the	first	sign	of	atrophy	in	the	mutant	is	observed	through	histological	analysis.	At	this	time	point,	 most	 Ccna2myc+/myc+	 tubules	 have	 reached	 the	 Zygotene	 stage	 of	 spermatid	differentiation,	 while	 Ccna2myc-/myc-	 tubules	 appear	 to	 be	 delayed	 at	 the	Preleptotene/Leptotene	stage,	where	DSBs	are	 induced	(Ahmed	et	al.,	2013).	This	agrees	with	the	p-yH2AX	stain,	where	there	are	almost	no	tubules	positive	for	DNA	damage.	The	total	 SSC	 population	 as	 well	 as	 the	 fraction	 of	 cycling	 SSCs	 also	 appears	 to	 be	 low,	 in	accordance	with	 the	quantitative	analysis.	 	 Interestingly,	 a	 small	 fraction	of	Ccna2myc-/myc-	tubules	appears	 to	be	able	 to	progress	 to	 the	zygotene	stage	at	3	w/o	regardless	of	 their	advancing	degeneration	and	subsequently	to	the	pachytene	stage	at	4	w/o.	Apart	from	the	fact	 that	 these	 surviving	 tubules	were	 still	 delayed	 in	 the	 progression	 of	 the	 1st	wave	 of	spermatogenesis	 relative	 to	 the	 control	 lines,	 this	 variability	 across	 the	 seminiferous	tubules	of	Ccna2myc-/myc-	mice	 contrasts	 greatly	 against	 the	 synchronous	differentiation	of	the	control	lines.		The	sudden	upregulation	of	Ccna2myc-	allelic	expression	during	the	following	3	and	4	w/o	 time	 points,	 where	 severe	 degeneration	 is	 observed,	 also	 coincides	 with	 the	upregulation	of	SSCs	and	its	proliferative	activity.	The	following	two	time	points,	6	and	12	w/o,	also	maintain	higher	levels	of	Ccna2myc-	expression	relative	to	the	control,	and	display	an	 active	 and	 expanded	 stem	 cell	 population.	 The	 SSC	 population	 has	 been	 reported	 to	expand	 and	 differentiate	 in	 response	 to	 signals	 from	 Sertoli	 Cells	 that	 detect	 the	 loss	 of	spermatogenic	populations	in	the	tubule	(Rojas	et	al.,	2017).	This	would	explain	the	sudden	and	 prolonged	 upregulation	 of	 Ccna2	 expression	 seen	 in	 promoter	 mutants,	 since	 it	coincides	 with	 the	 severe	 degeneration	 at	 3	 and	 4	 weeks,	 but	 also	 with	 the	 failed	spermatogenic	cycles	of	later	time	points.				 This	lack	of	fertility	in	adults,	even	with	partial	recuperation	of	cell	populations,	and	the	 over	 activity	 of	 the	 SSC	 population	 suggests	 that	 the	 spermatogenic	 cycle	 is	 still	
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compromised	 and	 that	 viable	 sperm	 production	 is	 hindered.	 However,	 this	 failure	 to	produce	viable	sperm	in	adulthood	is	blatantly	different	from	the	1st	wave’s	severe	loss	of	differentiating	populations.	This	distinction	could	be	explained	by	the	different	identities	of	the	progenitor	cells	responsible	for	the	production	of	diff-SSCs	for	spermatogenesis	in	the	1st	 wave	 and	 then	 the	 subsequent	 ones.	 As	 previously	 discussed,	 gonocytes	 divide	asymmetrically	 during	 the	 1st	 wave,	 directly	 producing	 the	 diff-SCCs	 that	 feed	 into	spermatogenesis.	For	the	subsequent	waves,	the	SSCs	(that	also	arose	from	gonocytes)	are	the	ones	responsible	for	the	maintenance	of	diff-SSCs.	If	the	gonocyte-to-diff-SSC	transition	has	different	 transcriptional	 regulatory	needs	compared	 to	 the	SSC-to-diff-SSC	 transition,	then	 Ccna2	misregulation	 in	 both	 of	 these	 could	 account	 for	 the	 observed	 differences	between	the	1st	and	subsequent	waves.			In	 terms	 of	 the	 gonocytes,	 it	 is	 possible	 that	 they	 require	 a	 quick	 upregulation	 of	
Ccna2	 expression	 for	 this	 transition	 as	 well	 as	 for	 the	 proper	 establishment	 of	 the	 SSC	population,	requiring	E2F	activators	such	as	E2F1	that	are	unable	to	bind	in	the	Ccna2myc-	allele	 due	 to	 the	 promoter	 mutation.	 The	 lack	 of	 Ccna2myc-	upregulation	 in	 these	 stages	could	 prevent	 the	 CCNA2/CDK2	 complex	 from	 performing	 its	 known	 functions	 such	 as	aiding	 in	DNA	 synthesis	 and	 induction	 of	DSBs	 for	 recombination.	 Therefore,	 the	 lack	 of	
Ccna2	upregulation	during	1	and	2	w/o	(after	this	asymmetric	division	of	gonocytes)	might	halt	 SSC	 expansion	 as	 well	 as	 delay	 spermatogenesis	 until	 CCNA2	 levels	 accumulate	 in	these	cells	to	induce	DSBs	for	recombination,	which	is	why	there	is	a	histological	delay	at	the	2	w/o	and	decreased	levels	of	PLZF+	cells.		Once	these	tubules	begin	to	degenerate	going	into	the	meiotic	stages	of	the	1st	wave,	it	 is	 possible	 that	 sertoli	 cells	 signal	 the	 SSC	 population	 to	 expand	 and	 repopulate	 the	mutant	 tubules,	which	 is	why	 there	are	higher	counts	of	MYC++,	PLZF+,	and	PLZF+/MYC++	cells	 in	 the	 analyzed	 images.	 However,	 this	 upregulation	 of	 Ccna2myc-	 transcription,	potentially	 for	 the	 expansion	 and	 differentiation	 of	 the	 SSC	 population,	 does	 not	 rescue	fertility.	 SSC	 progenitors	 might	 not	 be	 able	 to	 repress	 the	 induced	 overexpression	 of	
Ccna2myc-	 during	 later	 stages	 of	meiosis	 due	 to	 the	 lack	 of	 E2F	 repressors	 such	 as	 E2F8	binding	in	the	mutated	E2F	site.	Such	lack	of	repression	might	cause	CCNA2/CDK2	to	over-
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induce	 DSBs	 as	 well	 as	 prevent	 the	 CCNA1/CDK2	 complex	 from	 forming	 and	 repairing	these	unresolved	DSBs.	This	hypothesis	 is	also	supported	by	 the	p-yH2AX	stains	 in	adult	
Ccna2myc/myc--	tubules,	where	there	appears	to	be	a	strong	presence	of	spermatocytes	with	high	 p-yH2AX	 stain,	 which	 most	 likely	 corresponds	 to	 unresolved	 DSBs.	 Therefore,	 the	combined	effect	of	the	lack	of	Ccna2	expression	downregulation	in	spermatocytes	and	the	expansion	 of	 SSCs	meant	 to	 compensate	 for	 the	 loss	 of	 testicular	 cell	 populations	 could	account	 for	 the	 sustained	 upregulation	 of	 Ccna2	 after	 the	 1st	 spermatogenic	 wave.	 One	potential	experiment	that	would	test	this	hypothesis	would	be	to	isolate	diff-SSCs	(NGN3-/KIT+)	from	both	the	1st	and	subsequent	waves	of	spermatogenesis	from	all	mouse	lines	via	Fluorescence-Activated	Cell	Sorting	(FACS)	and	analyze	their	relative	CCNA2	levels.	 If	 the	
Ccna2myc-/myc-	 diff-SSCs	 contain	 significantly	 lower	 levels	 of	 CCNA2	 during	 the	 1st	 wave	relative	 to	 the	 controls,	 and	 then	 significantly	 higher	 levels	 post-1st	 wave,	 then	 this	hypothesis	would	become	even	more	plausible.		 As	a	whole,	 these	observations	suggest	that	transcriptional	misregulation	of	Ccna2	has	 multiple	 consequences	 in	 various	 spermatogenic	 populations,	 ultimately	 causing	infertility.	 When	 it	 is	 not	 upregulated	 properly	 during	 early	 stages	 of	 the	 1st	 wave	 of	spermatogenesis	 and	 possibly	 during	 gonadal	 development,	 this	 initial	 wave	 is	unsuccessful	 and	 experiences	 an	 almost	 complete	 loss	 of	meiotic	 populations	 as	well	 as	lower	 total	 SSC	 and	 cycling	 SSC	 counts.	 However,	when	Ccna2	 is	 overexpressed	 in	what	seems	 to	 be	 a	 response	 to	 the	 severe	 degeneration,	 production	 of	 viable	 sperm	 is	 also	hindered,	potentially	due	to	unresolved	DSBs	caused	by	lack	of	Ccna2myc-	downregulation	in	spermatocytes.	 Taken	 together,	 the	 data	 suggests	 that	 the	 temporal	 specificity	 of	 Ccna2	expression	required	for	optimal	CDK	activity	during	spermatogenesis	depends	on	both	E2F	activators	and	repressors,	explaining	the	malfunctioning	of	the	spermatogenic	cycle	when	
Ccna2’s	canonical	E2F	binding	site	is	mutated.		 	
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VII.	Conclusion		 The	 profound	 and	 dynamic	 effects	 the	 loss	 of	 E2F	 regulation	 on	 Ccna2	 causes	 in	spermatogenesis	 illustrate	 the	 intricate	system	that	 is	 the	cell	 cycle	and	 its	 regulation.	 In	
vivo	knock-in	models	such	as	the	one	used	in	this	study	allow	for	the	participation	of	E2F	regulation	 in	 physiological	 processes	 to	 manifest	 itself,	 and	 targeted	 mutation	 of	 single	binding	sites	from	specific	targets	are	likely	to	continue	revealing	novel	phenotypes.	These	findings	 further	 demonstrate	 the	 local	 and	 temporal	 specificity	 of	 expression	 E2F	regulation	 can	 produce,	 allowing	multiple	 targets	 to	 participate	 in	 complex	 processes	 at	different	tissues,	like	the	testes.	Since	many	of	their	targets	are	known	to	be	upregulated	in	multiple	 cancers	 and	 typically	 perform	 conserved	 roles	 throughout	 evolution,	 their	individual	regulation	by	E2Fs	should	be	of	major	interest	and	of	continuous	study.		 	
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